Surfactant-type organic corrosion inhibitors are widely used in the oil and gas industry to mitigate internal pipeline corrosion. Their molecular structure is comprised of a polar head group and a non-polar alkyl tail, with different lengths. Despite many studies qualitatively associating the alkyl tail length to the corrosion mitigation efficiency, there is are no systematic studies and no clear mechanistic explanation in the literature about how the alkyl tail length affects the corrosion process. Consequently, the goal of this research was to relate inhibitor alkyl tail length to changes in activation energy of the electrochemical process associated with CO 2 corrosion of an API-5L-X65 steel at pH 4.0. Four different model compounds were synthesized in-house, and utilized to achieve this goal. Their molecular structures had the same head group, dimethylbenzylammonium, with four different alkyl tail lengths corresponding to butyl (-C4H9), octyl (-C8H17), dodecyl (-C12H25) and hexadecyl (-C16H33). In data analysis, the chemical component of the total activation energy was calculated using an Arrhenius-type relationship and by working at the potential of zero charge (PZC), even if this does entirely eliminate the contribution of the electrical component. A linear relationship between the tail length of the corrosion inhibitor and the change in activation energy of the corrosion process was determined, suggesting that the tail directly affects the chemical component of the total activation energy.
INTRODUCTION
Internal pipeline corrosion is one of the most challenging integrity problems, for management of production and transportation assets, in the oil and gas industry. 1 The associated risks have led to corrosion engineers developing both direct and indirect strategies to mitigate internal corrosion of pipelines. Injection of corrosion inhibitors is one of the most extensively applied and affordable practices to mitigate internal corrosion.
imidazolines, which primarily function by adsorbing on the metal surface and forming a "barrier" against corrosion. 2, 3 Corrosion inhibitor molecules attach to the metal surface via their polar (hydrophilic) head group, 4 while the non-polar, hydrophobic alkyl tail of the inhibitor is assumed to be oriented away from the surface. 4 Regarding the effect of the alkyl tail length of the corrosion inhibitors, there have been studies relating the alkyl tail with the mitigation efficiency of the corrosion inhibitors. [4] [5] [6] [7] [8] In those studies, corrosion efficiency and/or changes in the double layer capacitances were measured. Measurements were integrated into mathematical models based upon adsorption isotherms assuming that the coverage of the inhibitor on the metal surface (θ) is proportional to the corrosion mitigation efficiency. 3, [9] [10] [11] In general, it was concluded that the longer the corrosion inhibitor alkyl tail, the greater the corrosion mitigation efficiency. However, the key link between inhibitor alkyl tail length and surface coverage is not properly established. Questions as to how a corrosion inhibitor diminishes corrosion, including establishing the mechanistic role the alkyl tail plays on the processes underlying corrosion, are not fully answered.
The most commonly accepted models to describe the retardation of the corrosion rate by a corrosion inhibitor have been based on coverage/blockage of actively corroding sites on the metal surface. [9] [10] [11] Although widely used, the idea of selective coverage of the anodic and cathodic areas implies a preferential adsorption of the inhibitor on the same electrode surface, being at odds with most widely accepted models of adsorption (e.g. the Langmuir, Frumkin, Temkin, etc.); these assume equal probability of adsorbate on any free space on the substrate, i.e., uniform adsorption. 2 In order to clarify this apparent contradiction, other studies have suggested that a corrosion inhibitor might change the activation energy of either the anodic or the cathodic reaction. 12, 13 However, the lack of a uniformly accepted model of inhibition and deficiencies in experimental methodologies are noticeable, even when the same type of corrosion inhibitor is used in a similar environment. For example, quaternary ammoniumtype corrosion inhibitors in acidic conditions have been defined by various researchers to have "anodic" 14, 15 mitigation properties, whereas other researchers claim that the same type of inhibitor exhibits "uniform" 3, 16, 17 inhibition properties. Consequently, the main purpose of this research is to propose a more coherent model that better describes the inhibition process and accounts for the effect of the alkyl tail length. Before continuing to the experimental part of the present study and the proposed model of corrosion inhibition, it is advisable to discuss in more detail some features and limitations of the models available in the open literature.
Model of Corrosion Inhibition Based on the Concept of Surface Coverage
This model can also be found in the literature named as the "geometrical blocking effect." 3, 10, 11 The idea is that the coverage by the corrosion inhibitor (θ) diminishes the actively corroding surface area of a metal by "blocking". This usually implies that the fraction of the area covered/blocked by the corrosion inhibitor does not corrode while the exposed area corrodes as if the inhibitor was not present. 9, 14 Thereby, the coverage of a corrosion inhibitor can be equated to the mitigation efficiency [1] [2] [3] (η) as shown in Equation (1) and illustrated in Figure 1 .
Where CRuninhibited is the steady-state corrosion rate of a metal surface under specific environmental conditions without inhibitor and CRinhibited is the steady-state corrosion rate of a similar metal surface at the same conditions in the presence of a corrosion inhibitor. ), while the area covered by the inhibitor (θ) does not corrode.
Despite being widely accepted and extensively used, advances in technology such as atomic force microscopy (AFM) and more advanced electrochemical measurements have challenged the model of corrosion inhibition based on coverage. The principal issue when mechanistically defining the surface coverage factor (θ) is the idea that the mitigation efficiency of a corrosion inhibitor depends on the extent of its adsorption. 3, 10, 11 Such an argument implies that a corrosion inhibitor with a high mitigation efficiency would cover the metal surface almost completely. Recent studies of corrosion inhibitors, which reported mitigation efficiencies between 80 and 90%, used atomic force microscopy (AFM) to obtain nanometer resolution images of the inhibitor on the metal surface. The AFM images show that the organic corrosion inhibitors formed a uniform and continuous film with no obvious areas that could be related to a surface coverage loss of 10% to 20%. [19] [20] [21] Even if one accounts for the concept of so called "dynamic" coverage, it is difficult to reconcile this fact with the partial surface coverage model of inhibition.
The second mechanistic issue is related to the assumption that surface coverage leads to a retardation of all electrochemical reactions underlying corrosion proportionally. Nevertheless, experimental potentiodynamic polarization curves 17 have repeatedly shown that, while affecting the charge transfer reactions, the adsorption of a corrosion inhibitor does not affect the limiting current, as shown in Figure  2 . If there were a true reduction of "active surface area" the limiting current would also be diminished by the presence of a corrosion inhibitor.
There are other questions that could be raised about the models of inhibition based solely on the concept of coverage/blockage, which cannot be readily answered, particularly those related to so called selective adsorption, but this discussion exceeds the scope of the present paper. 
Model of Inhibition Based on Change of Overall Activation Energy for the Corrosion Process
In some studies it was suggested that the adsorption of a corrosion inhibitor can be best qualified by the effect it has on the overall activation energy for the corrosion process, [11] [12] [13] which is a measure of the kinetics. In order to determine the overall activation energy of corrosion processes an Arrhenius-type equation has been used in the past, [11] [12] [13] as shown in Equation (2) .
Where: ΔGM* is the overall activation energy for the corrosion process, A is a pre-exponential factor, R is the ideal gas constant, and T is the absolute temperature.
Whilst this is a theoretically valid approach, the problem with calculating the overall activation energy for the corrosion process does not properly account for the fact that, during corrosion, at least two distinct reactions proceed at the same rate: cathodic (in the present case of corrosion of mild steel in acidic environments, reduction of hydrogen ion) and anodic (here oxidative iron dissolution). 2, [22] [23] Therefore, the overall activation energy for the corrosion process is some composite measure of the activation energies of the dominant cathodic and anodic reaction, which can be quite different. The situation is further complicated by the fact that for acidic environments, the cathodic hydrogen ion reduction reaction can be under charge transfer, mass transfer, chemical reaction rate or mixed control, each having distinct kinetics and activation energies. Therefore, having a single measure of the kinetics in the form of an overall activation energy for the corrosion process, without considering the abovementioned mechanistic distinctions, yields results that cannot be readily generalized. Consequently, this approach has produced widely dispersed values for the overall activation energy for the corrosion process, [11] [12] [13] ranging from 10 to 60 kJ mol -1 .
Model of Inhibition Based on Change of Electrochemical Activation Energy for the Individual Reactions Underlying the Corrosion Process
A more effective approach is to try and look at the activation energy (kinetics) of individual anodic and cathodic reactions underlying the corrosion process. Given that these are electrochemical reactions, they involve charged ionic species moving across an electric field generated by a double layer structure at the metal surface. Therefore, in a general case, one needs to consider both the chemical and the electrical component of the activation energy. [24] [25] [26] Figure 3 presents a sketch, illustrating a textbook example 24 of the oxidative dissolution of a metal and the associated free energy diagram, showing the total activation energy for this reaction as being composed of two parts; a chemical component and an electrical component:
where ΔG̃M * is the total activation free energy, ΔGM * is the chemical component of the activation energy of the electrochemical process, β is a symmetry factor, F is the Faraday constant and ΔΦ is the potential drop across the double layer.
For the case of inhibition, one can use this approach to look at the effect of inhibitor adsorption on the activation energy change of individual reactions underlying corrosion, and then make a distinction between the effect the adsorbed inhibitor layer has on the chemical and electrical component of the total activation energy of that reaction. The text below illustrates how this can be done, with the practical example considered being the effect of the alkyl tail length of the corrosion inhibitors on inhibition efficiency. 
EXPERIMENTAL PROCEDURE

Synthesis of Corrosion Inhibitor Model Compounds
In order to be able to effectively isolate the effect of the alkyl tail length of the corrosion inhibitors, four different model compounds were synthesized in-house and tested against CO2 corrosion of mild steel.
The model compounds consisted of the same head group, dimethyl-benzyl-ammonium, with four different alkyl tail lengths: butyl (-C4H9), octyl (-C8H17), dodecyl (-C12H25) and hexadecyl (-C16H33). The general synthesis reaction is as depicted in Table 1 . The model compounds in this work are named according to the number of carbon atoms in the alkyl tail. The "Q" stands for quaternary ammonium compound. Compound Name
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Proton nuclear magnetic resonance ( 1 H-NMR or simply NMR) spectroscopy was used to characterize the synthesized model compounds, corroborating their theoretical chemical structure and assessing their purity. Each individual peak of the spectra was numerically integrated. The integration gave the number of hydrogen atoms measured in each peak related to its molecular position. Figure 5 shows the NMR spectra for all the synthesized corrosion inhibitor model compounds. The spectra showed a good agreement with the expected structure. Moreover, peaks unrelated to the structure were numerically integrated to determine the level of impurities, which are negligible (ca. 99% of purity). 
Electrochemical Experiments
A three-electrode glass cell setup was used to perform corrosion and corrosion mitigation experiments at 1 bar, pH 4 and 30, 35, 40 and 45 °C with a 1 wt % NaCl solution; an UNS K03014 API 5L X65 27 steel rotating cylinder electrode (RCE) at 1000 rpm was used as the working electrode as shown in Figure 6 . The composition of the steel is shown in Table 2 . A platinum covered titanium mesh was used as a counter electrode and an Ag/AgCl (KCl saturated) reference electrode was used as the reference. CO2 was used for purging the system and the solution pH was adjusted and maintained at pH 4.0±0.1 during each experiment. Linear polarization resistance (LPR) measurements were taken to obtain the charge transfer resistance by polarizing the working electrode ±5 mV from the corrosion potential; corrosion rates were then calculated by using a B value of 26 mV/decade. Electrochemical impedance spectroscopy (EIS) was used for measuring solution resistance using an oscillating potential ±5 mV with respect to the corrosion potential. Each experiment was performed three times. A summary of the experimental conditions is given in Table 3 . 
RESULTS AND DISCUSSION
One of the first concepts that needed to be established in this approach is the saturation of the metal surface with an adsorbing corrosion inhibitor, which was proposed and described by Hackerman et al. 28 This refers to a situation where a corrosion inhibitor will keep adsorbing onto the metal surface (and the corrosion rate will keep diminishing) until the surface is saturated with the inhibitor and any further addition of the inhibitor to the bulk solution will not result in a measurable/significant increase of the amount of adsorbed inhibitor and will not lead to a further decrease of the corrosion rate. 28 That amount of added inhibitor is called the surface saturation concentration 28 .
In the current study, the corrosion inhibitor concentration that produces a surface saturation was determined for each corrosion inhibitor at four different temperatures. Individual experiments were performed, starting from 50 ppm and increasing in 50 ppm increments until the corrosion rate was not significantly diminished, as illustrated in Figure 7 . The graph shows four different and independent experiments performed at 0.96 bar CO2, pH 4.0, 30°C, and RCE set to 1000 rpm with increasing concentration of the model compound Q-C12. In this case, the minimum concentration of the inhibitor that yielded a minimum corrosion rate was estimated to be 100 ppm. A similar series of experiments was performed for each inhibitor. The results are summarized in Table 4 . The surface saturation concentration was observed to diminish proportionally to the increase in alkyl tail length. and the electrical component. In an attempt to separate the two, the chemical activation energies were found at the potential of zero charge (PZC). This was done based on an assumption that the electrical component of the activation energy was minimized at the PZC, so that the rate constant of the process obtained via an Arrhenius plot was dominated by the chemical component. It was also assumed that the corrosion rate was inversely proportional to the polarization resistance (according to the Stern-Geary equation 29, 30 ). The PZC was found via the minimum capacitance method 31 using a typical three-electrode RCE glass cell, at 1000 rpm. EIS measurements were potentiostatically taken at applied potentials (as shown in Table 3 between -0.85 and -0.5 V (vs. saturated Ag/AgCl) using a frequency range between 10 mHz to 5 kHz. Effective double layer capacitances were obtained by the method formulated by Tribollet et al., described elsewhere 32 .
The results for the determination of the PZC for pH 4.0, 0.96 bar CO2, 1 wt.% NaCl, 30°C electrolytes with and without the presence of the corrosion inhibitor model compounds are shown in Figure 8 . As can be seen, after the addition of the model compounds at their respective surface saturation concentrations, the capacitance decreased proportionally with the increase of the inhibitor alkyl tail length. In the presence of the inhibitor, it can be observed that there is no dependence of capacitance on the applied potential (since horizontal regression lines are within the error bars of measurements) and, consequently, there was no clear potential of zero charge. This is presumably because after being adsorbed onto the metal surface, the organic model compounds were unresponsive to a change in the electric field 31, 33 within the range of potentials tested here. It can also be noticed from Figure 8 that the open circuit potential (OCP) in the absence of inhibitor is negative with respect to the PZC. This condition indicates that the freely corroding steel surface was "negatively charged" 33 . Thereby, the adsorption of cationic species, such as the model inhibitor compounds, was promoted. Figure 9 shows that the decrease in capacitance is correlated to the decrease of corrosion rate. Both effects are proportional to the alkyl tail length. This can be explained by the changes in the relative permittivity, also known as the dielectric constant (εr) within the double layer, due to the presence of an adsorbed organic substance 33 . As a secondary effect, the OCP in the presence of corrosion inhibitors changed towards a more positive potential. This effect can be explained by changes of the cathodic reaction from mixed/mass transfer control to charge transfer control. Details of this effect are provided elsewhere. Theoretically, the chemical component of the total activation energy in the electrochemical dissolution of a metal can be thought as the activation energy of the metal dissolution in the absence of the electrical double layer effect. In this scenario, the water molecules help ionize/reorganize the metal atoms as they cross the energy barrier previously depicted in Figure 3 . It can also be seen as the effect of water on the so called "reorganization energy", as described in the literature. 22, 34, 35 The adsorbed corrosion inhibitor alters the ionization energy of metal atoms as they dissolve in water, by displacing water molecules from the metal surface and making the ionization of the metal ions more difficult. Consequently, the chemical component of the activation energy relating to metal dissolution increases. Figure 10 qualitatively illustrates such a change. In order to determine the chemical contribution of the total activation energy, experiments were conducted at the potential of zero charge (PZC) in order to minimize the contribution of the electrical field (it is practically impossible to totally eliminate it in a way that would be theoretically desirable). The activation energy associated with the corrosion process was determined via an Arrhenius plot. The polarization resistances were taken from the Nyquist plot of the impedance measured at the PZC at different temperatures. As shown in Figure 11 , no changes in the PZC were detected in the used temperature range. As explained above, it was here assumed that the rate constant of the iron dissolution was dominated by the chemical component of the activation energy. The logarithm of the polarization resistance was plotted versus the inverse of the absolute temperature. Figure 12 shows the Arrhenius plot for a CO2 system with no corrosion inhibitor. The activation energy was determined to be ca. 47 kJ mol -1 . Since the PZC where the measurements were taken was 30-50 mV more positive than the open circuit potential in the presence of the inhibitor (as seen in Figure 11 ), it can be assumed that this activation energy refers to the dominant reaction, which is in this case the anodic dissolution of iron. It is well established in CO2 corrosion of mild steel that this reaction is under charge transfer control, 14 as can be gathered from Figure  2 . Since no clear PZC was detected in the presence of corrosion inhibitors, the activation energy in all experiments was determined at the PZC found in the absence of corrosion inhibitors (-450 mV vs. SHE), in order to compare the changes in activation energy, similarly to the method proposed by Gileadi, et al. 36 The addition of a corrosion inhibitor increased the activation energy of the iron dissolution process. The measured activation energies for the CO2 corrosion process in the presence of the adsorbed corrosion inhibitor model compounds were plotted against their respective alkyl tail lengths. Advanced molecule editor software was used to visualize the structure of the synthesized model compounds and to determine the alkyl tail length in Angstroms (Å) 37 . The structures with their calculated alkyl tail lengths are shown in Figure 14 . The plot of the activation energies versus model compound alkyl tail length is shown in Figure 15 . The plot shows a linear relationship between the activation energy and the increase of the inhibitor tail length. In addition, if the resulting graph is extrapolated to "zero-long" alkyl tail, the result is ca. 48.5 kJ mol -1 , which is very close to the activation energy in the absence of corrosion inhibitors (47 kJ mol -1 ). This result suggests that the role of the head group in the quaternary ammonium compound is primarily to attach to the metal surface and the alkyl tail length is responsible for modifying the chemical activation energy of the electrochemical process underlying CO2 corrosion. The observed increase in activation energy can plainly be interpreted by the hydrophobicity of the non-polar inhibitor alkyl tail, which repels water more effectively when its length increases. Due to the dilution/displacement of water by the adsorbed inhibitor molecules at the metal surface, the ionization activation energy of the metal increases and, as a result, the anodic dissolution of iron proceeds at a lower rate. 
CONCLUSIONS
 The surface saturation concentration was determined for each model corrosion inhibitor, which was observed to diminish proportionally to the increase in alkyl tail length.  Corrosion rates were measured at the critical surface saturation concentration for each inhibitor.
Results indicated that the longer the alkyl tail length, the greater the corrosion mitigation efficiency for the homologous series evaluated.  The activation energies for each inhibitor were obtained at their respective surface saturation concentration. The longer the tail, the larger the increase in activation energy.  Results suggest that the main role of the head group of the quaternary ammonium model compounds is to help attach the inhibitor molecule to the metal surface, while the hydrophobicity of the alkyl tail plays a governing role in the inhibition process by displacing water molecules from the surface and increasing the chemical activation (ionization energy) for metal dissolution. 
